Non-evaporable Ti-Zr-V ternary getters (NEGs) were studied by means of excitation energy resolved photoelectron spectroscopy (ERXPS). We attempted a quantitative study of the in-depth redistribution of the NEG components during activation. The samples were prepared ex-situ by DC magnetron sputtering on a stainless-steel substrate. The ERXPS measurements were carried out at two incident photoelectron beam angles at energies of 110, 195, 251, 312, 397 and 641 eV. Besides these photon energies, also standard X-ray photoelectron spectroscopy (XPS) was used at a photon energy of 1254 eV. We accumulated Ti 3s, Ti 3p, Ti 3d, V 3s, V 3p, V 3d, Zr 3p, Zr 3d, Zr 4s, Zr 4p, Zr 4d, C 1s, O 1s and O 2s photoelectron peak intensities as functions of the kinetic energies given to them. Under simplifying assumptions, Monte-Carlo calculations of the activated sample concentration profiles were performed to fit the measured spectra intensities. The results proved an in-depth redistribution of the components during the activation process. This way we also contributed to a further development of non-destructive depth profiling by electron spectroscopy techniques.
introduction
Non-evaporable getter (NEG) materials play an unsubstitutable role in pumping of sealed-off and low-aperture vacuum devices. An especially important application of NEGs is to reduce the ultimate pressures in collider facilities, e.g. the large hadron collider (LHC) situated at CERN. Among others, namely binary Zr-V getter films have been studied, either with classical X-ray photoelectron spectroscopy (XPS) 1 or with synchrotron radiation photoemission (SRPES). 2 It was observed that consecutive transitions of metal oxides to residual sub-oxides took place together with oxygen diffusion into the bulk, and other changes of the surface and subsurface composition.
Recently, attention was drawn to ternary Ti-Zr-V NEGs 3 and their characterization by SRPES, 4 XPS and low energy ion scattering (LEIS). 5 The aim of these works was to investigate the activation process of the NEGs, and qualitatively to study the in-depth redistribution of their components during activation.
Depth profiling using secondary ion mass spectroscopy (SIMS) has limited capabilities. It is an invasive method that induces atomic-layer mixing, segregation and other effects that considerably distort the original depth composition of the sample.
To non-destructively quantify the depth composition of the sample by XPS it is necessary to decode information contained in the intensity of the photoelectron spectra recorded at a certain emission angle, provided that the mean escape depth (MED) of photoelectrons is known. The MED depends on the photoelectron kinetic energy and the emission angle, sample composition and structure as well as other factors.
Early theoretical descriptions of electron transport in the surface region of solids have neglected the elastic scattering of electrons, and consequently identified the MED with the photoelectron inelastic mean free path (IMFP) multiplied by the cosine of the emission angle with respect to the surface normal. However, during the last two decades it was realized that, as a result of elastic electron scattering, the projection of an electron trajectory on a given direction could have a significantly different length than that actually travelled, and thus the attenuation length (AL) could markedly differ from the IMFP.
Indeed, since about 20 years ago the role of elastic electron scattering in electron spectroscopy, its consequences for quantitative analysis and the differences between related physical quantities have been repeatedly treated in view of contemporary experimental results and theoretical knowledge, e.g. [6] [7] [8] [9] [10] In particular, the MED of photoelectrons ejected by polarized X-rays, which we meet at synchrotron radiation, was studied in detail by Tilinin. development of non-destructive depth profiling by electron spectroscopy techniques.
The idea of the experiment was to assign the signal carriers a specific depth of origin, i.e. to determine their escape depth using a proper theoretical model of electron scattering in the surface region. This task can in principle be fulfilled in three different ways. The most usual way is to use angle resolved XPS (ARXPS), and subsequently to use a so-called technique of regularization to make the results "robust" enough. Depth profiling using ARXPS has been from various points of view repeatedly treated in the literature, see for example. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Another way of depth profiling is to use a fine analysis of the shape of the photoemission lines in question, a technique invented by Tougaard. 22 However, for the reasons discussed in the Discussion section of this paper we decided to use a third possibility, i.e. to make the kinetic energy of the signal carriers of the same origin variable by varying the photon energy. This is of course a unique capability of a synchrotron light source, and this technique was later referred to as excitation energy resolved XPS (ERXPS). 23 As soon as the kinetic energy of photoelectrons belonging to a certain line and coming from a certain depth is made variable, it is in principle possible to determine that depth, provided the energy and material dependence of their scattering is well described and modelled.
A proper choice of the excitation energies was not an easy task, because the photoelectron peaks in the secondary electron spectra overlapped with the Auger peaks. Since our samples consisted of three main components plus common impurities, like carbon and oxygen, they exhibited numerous Auger peaks. Besides avoiding an overlapping of photoelectron and Auger peaks, there was also another rather technical demand to be met: to avoid carbon absorption lines when choosing the photon energies due to contamination of monochromator mirrors with carbon from the residual atmosphere. Table 1 summarizes the chosen electron shells, incident photon energies and resulting photoelectron kinetic energies.
experimental
Samples of the ternary Ti-Zr-V NEG were prepared ex-situ by DC magnetron sputtering. This technique had been developed in collaboration with CERN for the purposes of investigating layers used as an internal coating of the LHC. The samples for this study were prepared under the same deposition parameters (Ar working pressure of 1.4 Pa, high voltage of about 350 V and deposition time of 50 min) using power regulation of 50 W. The Ti-Zr-V layers were deposited onto a stainless-steel substrate in the form of a disc with a diameter of 1 cm; attention was paid to reach a components atomic concentration ratio of 1:1:1. The thickness of the layers was greater than 1 µm. Thus, for the purposes of any surface sensitive spectroscopy method, they could be considered as bulk. After the preparation and during the transport to the Materials Science Beamline at the Synchrotron Elettra in Trieste, where the measurements took place, the samples were kept under a vacuum. The cross section of the Materials Science Beamline end station is depicted in Fig. 1 . The source of the photon beam was a bending magnet, and the energy range covered was 22 -800 eV. The analyzing chamber was equipped with a high-luminosity hemispherical electron energy analyzer (Specs Phoibos, 150 mm mean radius, with 9 channels), a standard X-ray source for off-line work, and with sample heating as well as cooling facilities. The analyzing chamber base pressure reached 1.1 × 10 -10 hPa. During sample heating it did not exceed 3 × 10 -9 hPa. One of the samples was introduced into the analyzing chamber and activated. Activation was performed according to a procedure developed in the predecessors' works. It consisted in fact of annealing at 200 C for 60 min. At the same time it should have ensured surface cleanliness. Consequently, the notation of (once) activated sample was NEG 1.
During the measurements, photon energies according to the Table 1 were used. To change the excitation energy took, as a rule, only a few minutes, because the monochromator control was computerized. All measurements were performed at emission angles of 0 and 60 , respectively, with respect to the sample normal. Besides these photon energies, also standard XPS at the photon energy of 1254 eV and emission angles of 20 and 60 , respectively, was used. Adjustments of the acceptance angle were achieved by rotation of the sample, see Fig. 1 .
The photon energies could have been calibrated, if needed, by the Au 4f7/2 peak which was also checked within each set of measurements. However, at our kind of measurements the exact energy calibration was not important, unlike the intensity calibration, which was the crucial point of the experiment. The intensities of the spectra in cps were normalized by the number of scans and by the total photoelectric current from the gold mesh striked by the photon beam of a given energy.
Each individual measurement of the sample NEG 1 at each energy was preceded by a 200 C flash of the sample to keep the state of its surface unchanged. The other sample was not activated. Before each individual measurement, it was merely outgassed at a temperature of 100 C.
We denote the non-activated sample as NEG 0.
At the end of the beamtime, the sample NEG 0 was replaced back by the first one, i.e. NEG 1, and a second activation was carried out, because it had been suspected that during the second activation a depth redistribution of the NEG components might continue. Consequently, the notation of a twice-activated sample is NEG 2.
Altogether, we accumulated the Ti 3s, Ti 3p, Ti 3d, V 3s, V 3p, V 3d, Zr 3p, Zr 3d, Zr 4s, Zr 4p, Zr 4d, C 1s, O 1s and O 2s photoelectron peak intensities as functions of the kinetic energies given to them, i.e. completed Table 1 , for both the NEG 1 and NEG 2 samples. If one looks at Table 1 carefully, he realizes that just the V 3p, Ti 3p and Zr 4p emission lines are visible within the whole range of photon energies from 110 to 641 eV. Therefore we decided to concentrate on processing of their intensities. The peak areas were taken as a measure of the line intensities. To calculate them we fitted the line shapes and subtracted the Shirley background.
mc calculations of the ti-Zr-v sample concentration

MC model
A solid is considered to be a system composed of a number of scattering centers that are distributed randomly. Generated photoelectrons are emitted in all directions according to the following angular distribution:
where dσ/dΩ is the differential photoelectron cross-section, expressed by
where σ is the total photoelectron cross-section, θ is the angle between the direction of the photon beam and the direction of the emitted photoelectron, and β is the asymmetry parameter. The distribution of the azimuthal photoelectron emission angles is assumed to be uniform. The atomic cross sections for photo ionization and the related asymmetry parameters were taken from a website, 25 where the data from Refs. 26 and 27 had been used.
After a photoelectron is generated, its trajectory is modelled by processes of elastic scattering on atoms and is considered to be a series of straight segments. At the end of each segment, the new direction of the electron is set by a random scattering event.
The interaction between an electron and an atom is described by the Dirac-Hartree-Fock potential. 28 The probability density function was created from the NIST electron elastic-cross-section data base. 29 The elastic collisions along the trajectory follow the Poisson process. Electrons without any energy loss are attenuated exponentially along the trajectory length.
We also need to be able to select the atom on which an electron is elastically scattered in a medium containing a mixture of atoms (V, Ti and Zr) having concentrations of x1, x2 and x3, respectively. This atom is selected by an evenly distributed random number, rs (0 < rs <1). So, when r x x x x s t,1 t,1 t,2 t,3
then the electron is scattered on atom V, or if 
on atom Ti, or else on atom Zr. σt,1, σt,2 and σt,3 are the total elastic cross sections for the elements.
Calculations
The task of MC calculations was to determine the depth concentration profile of three elements in a Ti-Zr-V sample on the basis of photoelectron spectra registered for photon beam energies of 110, 195, 251, 312, 397 and 641 eV.
We assumed in our calculations that for a given information depth (ID) corresponding to the selected photoelectron lines at a given photon beam energy Eγ, the concentrations of the elements are constant within the ID, but, of course, for another Eγ, i.e. another ID, concentrations can be different. We assume that ID is equal to the depth of three attenuation lengths (AL), i.e. about 95% of the signal comes from such a depth. In Table 2 one can see the IMFPs, ALs and the related IDs for emission angles α of 0 and 60 for photoelectrons corresponding to selected lines V 3p, Ti 3p and Zr 4d (binding energies are about 39, 35 and 30 eV, respectively) for various photon energies, Eγ.
We can use as an ID for the Ti-Zr-V compound the average of the elemental IDs or simply, as we did, their maximum value. One can note that for a given energy Eγ the ALs do not differ very much.
The idea of finding the concentrations in a sample for a given ID (i.e. Eγ) is as follows: We can assume as a first step that concentrations x1, x2 and x3 are, for example, 1/3, 1/3 and 1/3, respectively, and then calculate the signal intensities of the corresponding lines from a sample: J1, J2 and J3. If the quotients J1/J2 and J1/J3 are equal or sufficiently close to these from an experiment, we consider the assumed concentrations as the final average concentrations in a sample within a depth equal to the ID. Otherwise, we have to change x1, x2 and x3 appropriately and to repeat MC calculations of J1, J2 and J3 for new concentrations and proceed further in recurrence, as already described. Unfortunately, such a procedure is very laborious, but we can simplify it and make it much faster if we notice the following fact.
According to the commonly used formalism neglecting the elastic photoelectron collisions the photoelectron current JA, corresponding to a given photoelectron line of the kinetic energy EA, originating from the element A with the concentration of XA may be written as follows: 30, 31 
J E CM L E T E D
where C includes all constant parameters, such as the X-ray flux, analyzer acceptance angle, and analyzed area; M is the total atomic density; σA is the total cross-section for emission of a photoelectron. LA(ψ) = [1 + (β/2)((3/2)sin 2 ψ -1)] is the angular asymmetry of the intensity of the photoemission from each atom, where ψ is the angle between the X-rays and the direction of the analyzer and β is an asymmetry coefficient. λAL(EA) is the attenuation length, T(EA) the analyzer transmission, D the detection efficiency for each electron transmitted by the electron spectrometer, and α the angle of emission of the photoelectron with respect to the sample normal.
The exponential term takes into account the decay of electrons due to the presence of a continuous surface contamination layer of thickness t.
Thus, we can write that currents J1 and J2 corresponding to V 3p and Ti 3p fulfil the approximate relation
since in Eq. (5) written for J1 and J2, C and M are the same, TD are practically the same because of closeness of the binding energy values, and, as we know from Table 2 , the ALs are very close. Also, as shown in Table 3 , the asymmetry coefficients, 
Putting J1, J2 and J3 from experiment into Eqs. (8) and (9), we obtain an approximate solution: x1, x2 and x3. Then, to find the final concentrations we can proceed further using the recurrence procedure, as described before. The directions of x1, x2 and x3 changes can be easily guessed.
results
In Tables 4 and 5 To verify the portion of the main components of the non-activated sample, i.e. NEG 0, we did not use any elaborated depth resolved method, because there was no reason for any depth redistribution (the non-activated sample was only degassed at 100 C). We used wide scan classical XPS spectra recorded at each measurement for that purpose, and processed them with Multiline. 32 The results without taking into account O and C are given in Table 8 . It can be seen that to some extent of accuracy the atomic concentration ratio of Ti, Zr and V within the ID of classical XPS is about 1:1:1, as intended during sample 13 18 preparation. Moreover, there is no serious discrepance between the measurements at emission angles of 0 and 60 .
Discussion
When deciding about a proper way of non-destructive depth profiling we were considering not only the principally different techniques outlined in the Introduction section, i.e. XPS line shape analysis and angle resolved XPS, but also a technique developed by Werner and his co-workers, called simulation of electron spectra for surface analysis (SESSA). 33 On the basis of an a priori concept of the sample structure, it makes it possible to fit the parameters like concentrations of elements by comparing the measured and simulated spectra. However, we had no hints to adopt an a priori concept of an in-depth rearrangement of components of the Ti-Zr-V mixture upon activation. Consequently, the danger of a faulty starting point in the simulation could have been unbearable. The advantage of our approach, i.e. ERXPS, over ARXPS and XPS line shape analysis under the practical circumstances that we meet at the synchrotron end station was a short-time measurement. We used only two emission angles compared with some tens at ARXPS. It made a huge time difference because, as mentioned in the Experimental section, each individual measurement was necessary to be preceeded by a flash of the sample to 200 C to maintain the sample surface clean. XPS line shape analysis needs to process spectra measured within a sufficiently wide energy range with a sufficiently fine energy step. Thus, a single measurement takes considerable time, which is likely to be much longer than we would have been able to maintain the activated sample surface in an unchanged state.
Though the beamtime was strongly limited, which forced us to limit the number of incident photon energies used, they were spread enough to cover the available and usable range.
The judgement of the amount of depth redistribution of the Ti-Zr-V NEG components upon activation consists of a thorough comparison of Table 8 , showing the initial composition of the NEG before activation, with the results contained in Tables 6  and 7 and their dependences depicted in Figs. 2 and 3 , respectively.
Except for the top-most atomic layers, one can see a strong enrichment of the surface with Zr. Its concentration reaches values of over 0.4 at the expense of the other two elements concentrations. They remain about constant with ID. At the ID of about 25 Å, the concentration of Zr begins to decrease, and finally the concentration profiles roughly balance within an ID of about 35 Å, which corresponds to about 10 atomic layers, i.e. already bulk.
The concentration profiles after the second activation do not differ much qualitatively, except for the top-most layers. Quite close to the surface Ti dominates, its concentration reaching even 0.42, while that of Zr is only 0.24. Afterwards, a similar behavior of the concentration profiles can be seen as in the previous case. It seems, however, that the depth redistribution of the elements after the second activation affects a thicker surface region, unavailable for an examination with the incident photon energies we were limited to.
Discrepances of about 20 -30% between the results obtained according to measurements along both emission angles can be ascribed to possible surface roughness effects, though ERXPS has been proved to be less sensitive to such effects than ARXPS.
23
The features on curves are plotted versus the ID, not the actual depth, itself. In view of the definition of the ID, this means that the presented curves are already "integrated" when thinking about depth in its original sense. That means that the actual depth distribution curves would in fact behave more sharply. But, even though the most striking effect on both curves is made by the relative concentration of Zr vs. ID. It starts with surface depletion changed for strong enrichment of the subsurface 4 -8 atomic layers.
This assessment seems to be complementary to the assertions of Li et al., 4 who assigned the decrease of reducing temperature of oxidized Ti-Zr-V to a displacement reaction of Zr on oxidized Ti or oxidized V. Our results are also consistent with the results of Šutara et al. 5 who found an enrichment of the topmost surface layer with Zr and Ti. It is, however, merely an apparent contradiction with the results reported here. Since Šutara et al. used ion sputtering, i.e. an invasive destructive technique of depth profiling, we believe they must have removed the outermost layers. Consequently, their analysis started in fact not until the third or fourth layer, which we found to be most enriched, too.
conclusions
We have measured the intensities of synchrotron radiation induced photoelectron spectra of the Ti-Zr-V nonevaporable getters. The wide range of primary photon energies was premeditatedly graduated to enable the application of a newly adapted MC method of a quantitative depth-resolved evaluation of the spectra.
While the original composition of the NEG was roughly uniform, upon activation a pronounced depth redistribution of its main components developed. Starting from a slight domination of Ti in the topmost 2 -3 atomic layers, the next layers are dramatically enriched with Zr. The amount of Ti remained increased a little, but to a much less extent than Zr. The occurrence of Ti, Zr and V balanced within an ID of about 36 Å, i.e. about 10 atomic layers.
Upon a second activation, the occurrence of Ti, Zr and V as functions of the ID remained qualitatively about the same, except that the topmost 2 -3 atomic layers were more enriched with Ti as compared with the sample only once activated. The final equilibrium was reached at a greater depth.
The obtained results tested the capability of the employed MC model to fit the accumulated set of excitation energy resolved photoelectron spectra, and to reveal the depth-resolved composition of a technologically important material.
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